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APPLICATION O F  W C E N T  S T A T I C  ADHESION DATA TO THE ADHESION 
THEORY O F  F R I C T I O N  
by 
D.V. Keller, Jr. 
Syracus e Un i v e r s  it y 
The genera l ly  accepted theory of f r i c t i o n  usua l ly  includes an ad- 
hesion parameter which i n  some schools has been contested and i n  o the r s  
mis in te rpre ted .  
f r i c t i o n  r e l a t ionsh ips  i s  usual ly  based on t h e  lack  of  knowledge o f  ad- 
hesion phenomena s ince  r e l i a b l e  adhesion data are r a t h e r  s ca r se  and nea r ly  
as complex t o  i n t e r p r e t  as t h e  f r i c t i o n  data t o  which they are appl ied.  
"he misunderstanding of  t h e  pos i t i on  of adhesion i n  
An examination of the var iab les  in f luenc ing  me ta l l i c  f r i c t i o n  as 
developed from recent  vacuum f r i c t i o n  experiments w i l l  be reviewed b r i e f l y  
and compared t o  recent  observations from s t a t i c  adhesion experiments be- 
tween clean and s p e c i f i c a l l y  contaminated metal sur faces  i n  order  t o  es- 
t a b l i s h  a more sound b a s i s  f q r  the  adhesion theory of f r i c t i o n .  
. 
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INTRODUCTION 
The phenomenon i n c i d e n t a l  t o  t h e  i n t e r a c t i o n  of  two s o l i d  sur faces  
i s  most commonly observed as f r i c t i o n .  F r i c t i o n ,  however, by d e f i n i t i o n  
alone (1,2) i s  t h e  mechanical r e s i s t ance  t o  motion of one sur face  across  
another ;  and, t he re fo re ,  i s  not r e l a t e d  d i r e c t l y  t o  those  f i e l d s  which pro- 
mote t h e  c rea t ion  of an in t e r f ace ,  but  w i t h  those  forces  which i n h i b i t  the  
separa t ion  of such an in t e r f ace .  
small, o r  even inconsequent ia l ;  b u t ,  as t h e  mechanism of f r i c t i o n  i s  ex- 
p lored  in 'more d e t a i l ,  it w i l l  become apparent t h a t  t h e  r o l e  of i n t e r -  
f a c i a l  i n t e rac t ions  and t h e  a b i l i t y  of t h e  r e s u l t i n g  i n t e r f a c e s  t o  be 
f r ac tu red  must be maintained separate .  
This point  of de f in i t i on  may seem q u i t e  
Since f r i c t i o n  i s  the  mechanical r e s i s t ance  t o  motion, the  phenomenon 
bears  v i r t u a l l y  no material l i m i t s  and encompasses atomic, molecular,  macro- 
molecular o r  bulk behavior i n t e rac t ing  w i t h  s o l i d s ,  l i q u i d s  o r  gases i n  
nea r ly  every conceivable configuration. The breadth of t h e  subjec t  alone 
suggests  why the  l i t e r a t u r e  on the  sub jec t  i s  so  ex tens ive ,  y e t  the agree- 
ment on fundamental r e l a t ionsh ips  i s  so  r e s t r i c t e d .  For example, t h e r e  i s  
l i t t l e  wonder t h a t  t h e  i n t e r p r e t a t i o n  of t h e  da t a  observed i n  t h e  s tudy of 
t h e  f r i c t i o n a l  behavior o f  animal j o i n t s  i s  most d i f f i c u l t  t o  r a t i o n a l i z e  
by a me ta l lu rg i s t  spec ia l i z ing  i n  bear ing ma te r i a l s  even though t h e  phe- 
nomenon involved i n  both cases i s  f r i c t i o n .  When t h e  s tudy i s  l i m i t e d  t o  
bulk  f r i c t i o n  of s o l i d s ,  t h e  t r u e  i n t e r d i s c i p l i n a r y  na ture  of the subjec t  
i s  unfolded s ince  all s t r u c t u r a l  materials must be  included, e.g. metals, 
a l l o y s ,  p l a s t i c s ,  wood, inorganic chemicals as oxides ,  n i t r i d e s ,  e t c . ,  as 
w e l l  as t h e i r  respec t ive  na tu ra l  o r  unnatural  l u b r i c a n t s  which might in- 
c lude water ,  o i l s ,  s i l i c o n e s ,  e tc .  In  order  t o  examine a one small f a c e t  
of t h i s  subjec t  i n  d e t a i l ,  l e t  us r e s t r i c t  our  system genera l ly  t o  t h e  
k i n e t i c  f r i c t i o n  of metals i n  the  so-cal led "dry" condi t ion,  t h a t  i s  
-1- 
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unnatural  l ub r i can t s  have not been added t o  t h e  system. 
a number of  t h e  problems required t o  complete our understanding of  'the 
mechanism of f r i c t i o n  can be readi ly  emphasized and an approach t o  an 
i n t e r d i s c i p l i n a r y  so lu t ion  t o  these  problems revealed. 
With such a system 
Most recent  ana lys i s  of t h e  laws of f r i c t i o n  (1,2) seem t o  accept 
those  hypothesis '  developed i n  t h e  17th and 18th centur ies  which suggested 
t h a t  t h e  f r i c t i o n a l  force ac t ing  between two bodies i n  contact was pro- 
po r t iona l  t o  the normal force ,  and, independent of t he  apparent area of 
contact .  
fo rce  as t h a t  force requi red  t o  shear  i n t e r f a c i a l  mechanical i n t e r locks  
due t o  surface roughness as w e l l  as "cold-welded" junct ions , which occur 
along the  i n t e r f a c e  of t h e  system. The p ropor t iona l i t y  constant r e l a t i n g  
the  normal force t o  the t angen t i a l  force t o  maintain motion is  c a l l e d  the  
Coeff ic ient  of f r i c t i o n  (p) , which may vary from about 0.001 f o r  r o l l i n g  
f r i c t i o n  t o  as high as 5 f o r  ga l l i ng  f r i c t i o n  during a s l i d i n g  process 
with intermediate  values  of about 0.2 f o r  simple s l i d i n g  systems. A dis -  
t i n c t i o n  has been made by ce r t a in  authors (1,2) between s t a t i c  and k i n e t i c  
f r i c t i o n ;  however, t he  cause of the former has been suggested t o  be merely 
a p e c u l i a r i t y  of the measuring system ( 3 )  r a t h e r  than a separa te  phenomenon. 
I n  any event ,  t h e  s t a t i c  aspects  of f r i c t i o n  more probably f a l l  under ad- 
hesion phenomena, which w i l l  be considered la ter  under t ha t  t i t l e .  
Updating these  views t h e  modern concept envis ions the f r i c t i o n a l  
Before becoming involved with the  in t e rac t ions  which ac tua l ly  pro- 
mote the  formation of the  in t e r f ace  i n  t h i s  system, it would be i n s t r u c t i v e  
t o  f irst  examine the  mechanical changes which t ake  place at an i n t e r f a c e  
8s a spherical ly- t ipped metal rod ,  o r  r ider ,  moves r e l a t i v e  t o  f la t  sur face  
of a second metal. Antler ( 4 )  and o thers  ( 5 ) ,  have c l a s s i f i e d  the wear 
processes  i n t o  four  categories  as ind ica ted  i n  Figure 1. Wedge formation 
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and s l i d i n g  se i zu re  a r e  c h a r a c t e r i s t i c  of very soft metals and a l loys  such 
as indium and t h e  lead- t in  a l loys .  Prow formation w a s  observed with most 
face-centered cubic metals u n t i l  t h e  wear t r a c k ,  formed by t h e  r ec ip roca l  
motion of t h e  r i d e r  on t h e  p l a t e ,  was f u l l y  contaminated with t h e  r i d e r  
metal; a t  t h i s  t ime, t h e  r i d e r  wear mechanism w a s  observed, e.g. i n  t h e  
case of aluminum s l i d i n g  on aluminum under heavi ly  loaded condi t ions,  one 
Would expect t o  observe t h e  r i d e r  wear phenomena. 
t o  poin t  out t h e  f a c t  t h a t  simple f r i c t i o n  i s  in t imate ly  r e l a t e d  t o  t h e  
deformation and f r ac tu re  processes continuously occurring i n  t h e  i n t e r f a c e  
region as t h e  r i d e r  progresses along t h e  t r a c k ;  and, as a consequence, a 
mechanically s t a b l e  i n t e r f a c e  must be reformed instantaneously as t h e  
indentor  i s  moved along. 
This i l l u s t r a t i o n  serves  
The var iab les  i n  t h e  system a r e  most numerous, e.g. deformation 
p rope r t i e s  of t h e  r i d e r ,  deformation proper t ies  of the  p l a t e ,  i n t e r f a c i a l  
s t r eng th  between the r i d e r  and t h e  p l a t e  r e l a t i v e  t o  t h a t  of t h e  s o f t e r  
m e t a l ,  i n t e r a c t i o n  due t o  surface roughness, e t c .  
i n  t u r n ,  are a l s o  dependent upon t h e  temperature and ambient contaminants 
at t h e  poin t  of contact .  The e f f ec t s  of a number of  t hese  va r i ab le s  have 
been examined i n  numerous recent  reviews on t h e  subjec t  (1,2), t o  c i t e  a 
f e w .  
Each of t hese  va r i ab le s ,  
S t e i j n  ( 6 )  r ecen t ly  inves t iga ted  the  coe f f i c i en t  of f r i c t i o n  between 
diamond s t y l u s '  of varying diameters below 200 u and various polycrys ta l -  
l i n e ,  and s i n g l e  c r y s t a l  m e t a l l i c  p l a t e s .  The d a t a  was examined u t i l i z i n g  
an analys is  suggested by Goddard and W i l m a n  ( 7 )  i n  which t h e  t o t a l  coe f f i -  
c i e n t  of f r i c t i o n  ( p  ) on an i so t rop ic  sur face  f o r  shallow indenta t ions  
W a s  subdivided i n t o  t h a t  due t o  adhesion, o r  t h e  cold-welding, processes 
(pa) , and t h a t  due t o  plowing, o r  mechanical i n t e r lock ing  phenomena ( p  1, 
T 
P 
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where t h e  respec t ive  values  of p and pp can be f u r t h e r  expanded t o  
a 
where k and k 
s t r e s s  of t h e  indentor-s tylus  in t e r f ace  
pressure ,  & i s  the load  on t h e  s ty lus  and - n i s  a system constant ca l l ed  
are t h e  adhesion and plowing coe f f i c i en t s ,  S i s  t h e  shear  
a P 
l 
i s  t h e  mean dynamic flow 
9 "m - 
t h e  Meyer's index (8) .  
p l a s t i c  o r  a f u l l y  work hardened material. 
of  geometric s i m i l a r i t y  (81, t he  e f f e c t  of indentor  diameter ( D )  m a y  be 
The lower l imi t ing  value of  " i s  two f o r  an ideally' 
On appl ica t ion  of t h e  p r i n c i p l e  
introduced , 
and t h e  r e l a t i v e  cont r ibu t ion  of plowing versus  adhesion i s  given by the 
r a t i o ,  
"hat i s ,  f o r  h igher  loads and the  same indentor  diameter, plowing ac t ion  
i s  favored. Examination of the  data from a diamond s t y l u s  moved on a 
po lyc rys t a l l i ne  copper p l a t e  p lo t t ed  on log-log coordinates serves  as an 
example of t h i s  behavior as shown i n  Figure 2. The coe f f i c i en t  of f r i c t i o n  
curve f o r  a similar experiment u t i l i z i n g  an indentor  of t i p  radii of 12.7 l~ 
superimposed almost exac t ly  on the  p 
P 
component was almost zero when the  t i p  r a d i i  i s  gross ly  reduced, i .e.  t h e  
load  d r a s t i c a l l y  increased. 
l a r g e  number of  o the r  s tud ie s  (11, w e  may conclude that  the force  of 
f r i c t i o n  i s  due t o  t h a t  force  required t o  shear t h e  mechanical i n t e r locks  
curve suggesting t h a t  t h e  adhesion 
From these  da ta ,  which a r e  supported by a 
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FIGURE 2 - Variat ion i n  t h e  plowing and adhesion components 
of t h e  coe f f i c i en t  of f r i c t i o n  and t h e  load on a 
7 6 ~ 1  rad ius  diamond s ty lus  moving on po lyc rys t a l l i ne  
copper ( 8) .  
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along t h e  i n t e r f a c e  and t h e  mechanically s t rong  i n t e r f a c e s  formed through 
the  process of adhesion. If t h e  surfaces can be considered i d e a l l y  f l a t ,  
a case which i s  r a r e l y  observed i n  p r a c t i c e ,  the f r i c t i o n a l  force  ( F )  can 
be represented by 
F = As ( 5 )  
where A represents  t h e  t r u e ,  o r  r e a l  a r e a ,  of contact and 
s t r eng th  of t h e  weaker ma te r i a l  (1). 
t h e  shear  
The u t i l i z a t i o n  of t h i s  approach t o  
adhesion phenomena t o  f r i c t i o n  phenomena, o r  v i s e  versa ,  i s  based on a 
number of very weak assumptions as w i l l  be discussed below. 
U t i l i z i n g  t h i s  same technique with an acknowledgement of t h e  e f f e c t  
o f  anisotropy on t h e  various parameters, S t e i j n  a l s o  examined s i n g l e  
c r y s t a l s  of aluminum, copper, n icke l ,  a Brass, B Brass, a i ron  and a 
number of i o n i c  c rys t a l s .  
(100) face var ied  with d i rec t ion  of motion such t h a t  (ll<llo, > p,loo, 1 w a s  
observed f o r  a l l  types of c rys t a l s .  
Generally, the  coe f f i c i en t  of f r i c t i o n  on t h e  
Since t h e  r i d e r  i n  t h i s  case was made of diamond, which i s  not r ead i ly  
deformable and i n  a r e l a t i v e  manner w a s  heavi ly  loaded, it i s  not sur- 
p r i s i n g  t h a t  i n  most cases t h e  plowing parameter of t h e  f r i c t i o n  equation 
con t ro l l ed  t h e  ana lys i s .  This s i t u a t i o n  could be compared t o  t he  t i p  of a 
hardness inductor  as it penetrates  a s o f t  metal ,  i .e. t h e  t i p  i s  not con- 
t i n u a l l y  meeting a metal  oxide sur face ,  but  s l i c i n g  through what m a y  be 
considered very clean metal surfaces .  A s  a consequence of t h i s ,  t h e  re- 
sul ts  are d i r e c t l y  r e l a t e d  t o  the  deformation proper t ies  of the subs t r a t e  
( s i n g l e  c r y s t a l )  and not grossly e f f ec t ed  by t h e  ambient conditions sur-  
rounding t h e  surface f i l m .  Most f r i c t i o n  s t u d i e s ,  on t h e  o ther  hand, in -  
volve much l a r g e r  apparent areas of contac t ,  i . e .  l i g h t e r  loads ;  and most 
u sua l ly ,  two deformable surfaces such as a metal  r i d e r  on a metal subs t r a t e .  
Under such condi t ions,  o ther  var iab les  a re  immediately introduced. A s  
-7- 
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suggested by S t e i j n ' s  paper ,  t h e  adhesion parameter appears t o  become i m -  
por tan t  under these  condi t ions ,  and as suggested by Antler's paper defor- 
mation of both surfaces  leads t o  wear phenomena. Since f r a c t u r e  i s  an 
in t imate  p a r t  of f r i c t i o n  and as we have learned from Westwood's ( 9 )  and 
Bryant 's  (10)  i nves t iga t ions  of environmental e f f e c t s  on f r a c t u r e  , one 
should expec t ,  t o o ,  t h a t  t h e  same s i t u a t i o n  appl ies  d i r e c t l y  t o  f r i c t i o n  
phenomena. 
t h i s .  En t i r e ly  neglec t ing  t h e  gross e f f e c t s  of prepared lub r i can t s  , l e t  
us momentarily examine j u s t  t h e  e f f e c t s  of air which normally contains 
more than  an adequate concentration of oxidizing agents t o  immediately re- 
duce any ava i l ab le  free metal atoms exposed on a f r e e  s u r f  ace. 
Schwebert and Johnson (11) have shown, as represented i n  Figure 3, t h e  
v a r i a t i o n  of t h e  t o t a l  f r i c t i o n  coef f ic ien t  between a 52100 s t e e l  s l i d i n g  
on 52100 s t e e l  with t h e  change i n  ambient atmospheric pressure at  a fixed 
t i m e  , which , i n  t u r n  , r e f l e c t s  on t h e  concentrat ion of ava i l ab le  oxidizing 
agents i n  t h e  i n t e r f a c e  system. However, i f  t h e  majori ty  of gases a re  
e l imina ted  from t h e  system by helium cryogenic pumping, t h e  r e s u l t s  i l l u -  
s t r a t e d  complete welding of  a p a i r  of metals which a r e  used normally i n  
bear ing  systems as shown i n  Figure 4. 
The inves t iga t ions  of Roberts and Owens (12 )  have confirmed 
Buckley , 
The decrease i n  pT shown i n  Figure 3 w a s  accounted f o r  by a change 
i n  t h e  wear mechanism i n  t h a t  under atmospheric condi t ions t h e  wear 
p a r t i c l e s  were oxidized f u l l y  and removed from t h e  system, while i n  
vacuum at 10 Torr t h e  a v a i l a b i l i t y  of oxygen w a s  reduced and a r i d e r  
mechanism w a s  observed. 
t h a t  i n  t ime,  t h e  system w i l l  form a completely welded junc t ion .  
-6 
The long term s tud ie s  shown i n  Figure 4 i n d i c a t e  
It i s  evident from t h e s e  examples t h a t  f r i c t i o n  s tud ie s  d i r ec t ed  
toward t h e  understanding of t h e  mechanism of f r i c t i o n  must e i t h e r  t o t a l l y  
e l imina te  , or ca re fu l ly  content with , t h e  presence of n a t u r a l  l ub r i can t s  
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FIGURE 3 - The change i n  t h e  coe f f i c i en t  of f r i c t i o n  with a 
change i n  ambient pressure (11). 
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FIGURE 4 - Coeff ic ient  of f r i c t i o n  f o r  52100 on 52100 s l i d i n g  
i n  vacuum with l i q u i d  helium cryogenic co l i n g  at 
ambient pressures  i n  the  range of 2 x lo-' Torr (11). 
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such as  water vapor,  owgen,  n i t rogen ,  e t c .  The e f f e c t  of such common 
commodities as these  on simple s l i d i n g  systems or mildly lub r i ca t ed  systems 
are  r a r e l y  considered s ince  t h e i r  complete e l iminat ion from a t e s t  system 
i s  most d i f f i c u l t  as ind ica ted  by t h e  numerous sur face  s tud ie s  on pure 
metal  sur faces  reviewed i n  t h i s  symposium. Before becoming involved with 
t h e  f i n e r  d e t a i l s  of contamination, however, l e t  us f i r s t  examine t h e  lit- 
e ra tu re  f o r  o ther  s i g n i f i c a n t  var iab les  which e f f e c t  t h e  coe f f i c i en t  of 
f r i c t i o n ;  and i n  order t o  observe these  more c l e a r l y ,  l e t  us r e s t r i c t  our  
examination t o  only high vacuum experiments i n  which the  concentration of 
t h e  majori ty  of t h e  oxidizing agents can be considered as very low. The 
majori ty  of da t a  c i t e d  i n  t h e  following few paragraphs were obtained i n  an 
ion  and/or helium cryogenic pumped vacuum system at pressures  below 10 
Torr. 
p l a t e ,  which moved at  va r i ab le  ve loc i t i e s  t o  750 cm/sec and loads which 
could be var ied  t o  1500 gms. 
at  under t h e  d i r ec t ion  of R.L. Johnson (3,13-19). The e f f e c t  of s l i d i n g  
ve loc i ty  on t h e  coef f ic ien t  of f r i c t i o n  i s  shown i n  Figures 5 and 6. In  
Figure 5 t h e  coef f ic ien t  of f r i c t i o n  ( u )  i s  p l o t t e d  f o r  a number of metals 
( r i d e r )  s l i d i n g  on 440-C s t a i n l e s s  s t e e l  p l a t e s .  
shape of t h e  curve i s  a function of t he  s l i d e r  mater ia l  of t h e  f r i c t i o n  
couple; for example, t h e  addi t ion of 2 1  A / o  aluminum t o  t i t an ium completely 
changes t h e  na ture  of t h e  t i t a n i u m  curve ( 1 4 ) .  Pure t i t a n i u m  wears by t h e  
r i d e r  w e a r  mechanism, whereas the a l loy  wears by a process similar t o  t h a t  
o f  prow formation, e .g .  t h e  t rack  i s  worn r a t h e r  than t h e  indentor .  Figure 
6 supports t h a t  which w a s  suspected a l l  along, t h e  f a s t e r  t h e  r i d e r  t r a v e l s  
r e l a t i v e  t o  t h e  p l a t e ,  t h e  more heat  t h a t  i s  generated at t h e  i n t e r f a c e  and 
at some point  melting along the  in t e r f ace  w i l l  occur. 
i t i v e l y  obvious was t h e  f ac t  t h a t  hexagonal metals seem t o  demonstrate much 
-9 
The 3/16" rad ius  s t a t iona ry  rider w a s  loaded on t o  a r o t a t i n g  f la t  
For t h e  most pa r t  , t hese  works were conducted 
It i s  evident t h a t  t h e  
What w a s  not in tu-  
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FIGURE 6 - Coefficient of f r i c t i o n  versus s l i d i n g  ve loc i ty  f o r  
thal l ium on 440-C s t ee l .  
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lower f r i c t i o n a l  coef f ic ien ts  than o the r  s t r u c t u r e s .  This has been con- 
firmed by studying t h e  cobalt-cobalt system (15) as a function of  s l i d e r  
ve loc i ty  as wel l  as temperature,  and t h e r e  i s  a marked change at t h e  a-B 
t r a n s i t i o n  poin t  t o  support t h i s  hypothesis.  
s t r u c t u r e  somewhat f u r t h e r ,  Buckley e t  a1 have shown t h a t  the e f f e c t  of 
s t r u c t u r e  on vT i s  r e a l  by examining the  change i n  vT w i t h  a change i n  - a 
r a t i o  f o r  various hexagonal metals as shown i n  Figure 7. 
Carrying the  e f f e c t  of 
C 
Inves t iga t ion  of s i n g l e  c r y s t a l  beryl l ium r i d e r s  s l i d i n g  on beryl l ium 
(16) f u r t h e r  confirms t h e  f ac t  t h a t  the  c r i t i c a l  resolved shear  of the  
material plays an important r o l e ,  s ince  t h e  b a s a l  o r i en ta t ion  produced 
much lower v 
plane p a r a l l e l  t o  t h e  p l a t e .  
graphic o r i en ta t ions  were observed when a sapphire r i d e r  w a s  moved across  
a number of tungsten s i n g l e  crystals i n  a l a r g e  p l a t e  (17). Variat ion i n  
t h e  o r i en ta t ion  of t h e  sapphire  also seemed t o  change t h e  o r i en ta t ion  
f r i c t i o n  r e l a t ionsh ips  , which were observed on t h e  tungsten c r y s t a l s .  
Grain boundary displacement plays a r o l e  i n  t h e  deformation process.  
values than when the  c r y s t a l  was or ien ted  with i t s  pr i smat ic  T 
Similar  va r i a t ions  i n  pT versus c rys t a l lo -  
The f e w  examples c i t e d  above should s u f f i c e  t o  i l l u s t r a t e  t h a t  with 
t h e  el iminat ion of n a t u r a l  lubr icants  , a i r ,  water ,  e t c . ,  the  o the r  var i -  
ab les  a f f e c t i n g  t h e  coe f f i c i en t  of f r i c t i o n  can be examined w i t h  a fa i r  
degree of d e t a i l .  
c an t ,  whether it i s  n a t u r a l  o r  unnatural ,  serves  t o  prevent the formation 
of  t h e  mechanically s t rong  junct ions,  e.g. i n  t h e  case under considerat ion 
t h e  formation of metal-metal bonds; and, i n  t u r n ,  supplements the low shear 
stress i n t e r a c t i o n s  of t h e  t h i r d  component s ince  t h e  surfaces  are s t i l l  i n  
contact  and t h e  i n t e r f a c e  i s  s t i l l  i n  a s t a t e  of r e l a t i v e  motion. Excel- 
l e n t  evidence f o r  t h i s  i s  shown i n  Figure 8 i n  which t h e  coe f f i c i en t  of 
f r i c t i o n  of a polyimide lubr icant  was s tud ied  as a funct ion of t h e  number 
The r o l e  of a t h i r d  component i n  t h e  system, t h e  l u b r i -  
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of passes over t h e  same t r ack  (18). 
of polyimide on 440-C s t e e l  a t  10-l' Torr was 0.6 and as t h e  t r a c k  became 
contaminated with polyimide by the t r a n s f e r  of polyimide f i l m ,  t he  f r i c t i o n  
coe f f i c i en t  dropped t o  about 0.15. 
The i n i t i a l  coe f f i c i en t  of f r i c t i o n  
Liquid metals behave i n  a s imi la r  manner as shown i n  t h e  study of 
n i cke l  s l i d i n g  on n i cke l  with various l i q u i d  metal l ub r i can t s  a t  low9 Torr 
which i s  i l l u s t r a t e d  i n  Figure 9 (19 ) .  
should be evident why t h e  r o l e  of water ,  o r  o the r  oxidizing agents,  i s  so 
important i n  the inves t iga t ion  of f r i c t i o n a l  phenomena; i n  e f f e c t ,  a 
sur face  saturated w i t h  t hese  components presents  only molecular bonding 
f i e l d s  t o  t h e  mating surface r a the r  than t h e  sti-onger short range ion ic  
o r  me ta l l i c  bonding f ie lds .  
s tudy seems t o  degenerate t o  a dynamic f r a c t u r e  problem i n  which the  de- 
formation and f r a c t u r e  cha rac t e r i s t i c s  of the  two surfaces  play t h e  s ig-  
n i f i c a n t  ro l e .  
t h i s  end t o  complete per fec t ion ,  i s  not known s ince  secondary i n  s i t u  ex- 
periments on the i n t e r a c t i n g  surfaces  was not  performed. 
done, t h e  degree of oxide contamination and i t s  r o l e  i n  t h e  f r i c t i o n  ex- 
periment could have been discussed. 
Digressing f o r  a moment, it now 
When only t h e  l a t t e r  a r e  involved t h e  f r i c t i o n  
Whether o r  not the  previous i n  vacua studies have achieved 
Had t h i s  been 
I n  an attempt t o  reduce the f r i c t i o n a l  force i n t o  i t s  various con- 
s t i t u e n t s ,  two groups have evolved: those concerned with t h e  deformation 
p rope r t i e s  of the  surface,  those i r r e g u l a r i t i e s  always present on r e a l  
su r f aces ;  and a second group en ter ta in ing  the problem of adhesion, t h a t  
i s ,  the  materials problem of f r i c t i o n .  
o r  t h e  a t t r a c t i o n  of two surfaces t o  each o the r ,  and f r i c t i o n  i s  most 
unique s ince  t h e  term adhesion has  usua l ly  been concerned only with t h e  
s t a t i c  system while f r i c t i o n  i s  a k i n e t i c  process ye t  during t h e  observa- 
t i o n  of adhesion phenomena a dynamic system must be employed. 
The r e l a t ionsh ip  between adhesion, 
For example, 
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FIGURE 9 - Effect  of various coat ings on f r i c t i o n  and wear of 
n i c k e l  at a ve loc i ty  of 5 f t . /min. ,  a load of 1000 g ;  
and per iods of 1 hr .  (Pressure:  Torr) .  
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i n  most adhesion experiments two surfaces  a re  brought toge ther  by a normal 
force  with or without a degree of t a n g e n t i a l  motion depending on t h e  par- 
t i c u l a r  experiment, then t o  measure t h e  "degree" of adhesion an  opposi te  
force  i s  appl ied t o  t h e  junc t ion  and t h e  force requi red  t o  f r a c t u r e  t h e  
junc t ion  i s  measured. The r e s u l t s  a r e  usua l ly  published as t h e  coe f f i c i en t  
of adhesion (a) which i s  t h e  r a t i o  of  t h e  force  t o  separa te  t o  t h e  force 
t o  make t h e  p a r t i c u l a r  junc t ion  with no regard f o r  t a n g e n t i a l  motion. 
Hopefully, t h e  des i r e  has been t o  r e l a t e  t h e  coe f f i c i en t  of adhesion t o  
k of Equation ( 2 )  ; but  , before we consider t h i s  p o s s i b i l i t y  l e t  us f i r s t l y  
review some of t h e  d e t a i l s  which have been descr ibed during t h e  var ious 
adhesion s tud ie s .  
Adhesion i n  So l id  Systems 
a 
The study of adhesion seem t o  b e  l i m i t e d  by t h e  same bounds a s  t h a t  
i nd ica t ed  f o r  f r i c t i o n ,  which i s  discussed i n  t h e  more recent  t r e a t i s e s  on 
t h e  subjec t  ( 2 0 - 2 3 ) ,  t o  c i t e  a few. A t  t h e  atomic and molecular l e v e l ,  
t h e  subjec t  i s  usua l ly  t r e a t e d  under adsorption and desorption phenomena 
and i n  t h e  organic ,  and occasionally i n  t h e  inorganic ,  realm as wet t ing and 
dewetting phenomena. Generally,  t h e  gaseous and l i q u i d  i n t e r a c t i o n s  with 
o the r  ma te r i a l s  seems t o  have received t h e  bulk of t h e  study while adhesion 
between c r y s t a l l i n e  s o l i d s  has been q u i t e  neglected u n t i l  only recent ly .  
As  i nd ica t ed  by Fowkes' l e c t u r e  ( 2 4 )  , t h e  knowledge of t h e  i n t e r a c t i o n s  
between l i q u i d s  and s o l i d s  has achieved a reasonably high degree of so- 
p h i s t i c a t i o n  incorpora t ing  ratios of p a r t i c u l a r  i n t e r f a c i a l  f i e l d s  t o  ex- 
p l a i n  t h e  var ious phenomena, which has been observed. 
s o l i d  systems, on t h e  o ther  hand., t h e  s t a t e  of a f f a i r s  i s  not near ly  as 
s t ra ight forward  s ince  t h e  system under inves t iga t ion  involves two r i g i d  
bodies ,  n e i t h e r  of which has a simply-defined sur face  energy o r  phys ica l  
geometry which m u s t  be brought i n t o  mechanical contact without gross  
In  case of so l id -  
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per turba t ion  of t h e  sur face  layers  under condi t ions of con t ro l l ed  contam- 
ina t ion .  Since t h e  purpose of the  i d e a l  s o l i d  adhesion experiment i s  t o  
provide a r a t i o n a l  i n t e r p r e t a t i o n  t o  t h a t  component i n  t h e  f r i c t i o n a l  fo rce  
equat ion,  and i t s  v a r i a t i o n  under t h e  e f f e c t s  of contaminants, temperature ,  
s t r e s s ,  t r a n s l a t i o n a l  motion, e t c . ,  t h e  i n v e s t i g a t o r  i s  faced with t h e  age 
o l d  problem of reducing a l l  of t h e  poss ib le  va r i ab le s  i n  t h e  system t o  a 
minimum before inves t iga t ing  each one ind iv idua l ly .  I n  the  case of metals 
t h e  problem becomes most evident ;  f o r  example, s i l v e r  does not weld notice- 
ably t o  second s i l v e r  sur face  i n  a i r  under l i g h t  l oads ,  nor  i n  high vacuum 
o r  ever i n  ul t ra-high vacuum a f t e r  being baked t h e r e i n  t o  45OoC. An atom- 
i c a l l y  c lean surface of  s i l v e r ,  on the o the r  hand, will adhere t o  a second 
clean s i l v e r  sur face  wi th  a junct ion s t r eng th  equivalent  t o  t h a t  of 
annealed s i l v e r  as would be expected, p a r t i c u l a r l y  i f  we can v i s u a l i z e  an 
i d e a l l y  r e v e r s i b l e  cleavage experiment on a s i l v e r  bar. 
Of experiments j u s t  descr ibed poin ts  up two of the  most important po in t s  
revealed,  thus  f a r ,  i n  s o l i d  adhesion inves t iga t ions :  firstly-, the  degree 
o f  adhesion can only be  measured as a f r a c t u r e  phenomena; and, as sueh, 
cannot be  simply c o r r e l a t e d  t o  the  thermodynamics of t h e  system, e.g.  
work of adhesion, e t c . ,  due t o  the  i n a b i l i t y  t o  analyze t h e  p l a s t i c  de- 
formation of t h e  system i n  such terms. 
l a y e r  o r  more of contamination a t  an adhesion junc t ion ,  e i t h e r  by accident  
or  purpose, can g ross ly  a f f ec t  the observed f r a c t u r e  data. 
The simple set 
Secondly, t h e  presence of a mono- 
In  .order  t o  reduce t h e s e  q u a l i t  at i ve  experimental  observat ions on 
s i l v e r ,  c i t e d  above, i n t o  a quan t i t a t ive  experiment i n  which t h e  un- 
per turbed  i n t e r f a c i a l  s t r eng th  can be  co r re l a t ed  with those  under varying 
condi t ions  of temperature o r  i n t e r f a c i a l  contamination, an apparatus w a s  
designed t o  permit two metal  surfaces t o  be brought i n t o  contact with 
loads ,  which could be  reversed and va r i ed  from 0.01 gms t o  about 2 gms ( 2 5 ) .  
-20- 
Since a reference point  f o r  such a study i s  necessary and t h e  f a c t  t h a t  
oxides adhere t o  metals as wel l  as metals t o  meta ls ,  t h e  various equipment 
was i n s t a l l e d  i n  an ul t ra-high vacuum envelope which was operated i n  the  
range of pressures  t o  10 
metal  cleaning s t eps  of argon ion bombardment and e l ec t ron  beam anneal ing,  
as suggested by t h e  various low energy e l ec t ron  d i f f r a c t i o n  (LEED) i nves t i -  
ga to r s .  Since t h e  inves t iga t ion  i n  i t s e l f  i s  surface des t ruc t ive  i f  an 
adhesion weld occurs ,  ind ica t ions  e a r l y  i n  t h e  research program suggested 
t h a t  t h e  i n  s i t u  use of a LEED experiment o r  a f i e l d  ion microscope experi-  
ment would provide pos i t i ve  proof of t h e  sur face  c l ean l ines s  of one sur face  
while mult iplying t h e  complexity of t h e  experiment almost beyond reach;  
t h e r e f o r e ,  such an approach w a s  avoided. In  t h e  in te r im,  inves t iga t ions  
on t h e  f e a s i b i l i t y  of t h e  u t i l i z a t i o n  of contact r e s i s t ance  t o  i n d i c a t e  
t h e  exact area of contact junct ion produced some r a t h e r  i n t e r e s t i n g  re -  
s u l t s .  The r e s u l t s  seemed t o  suggest t h a t  by means of t h i s  measurement a 
semi-quant i ta t ive ana lys i s  of the  changes tak ing  p lace  i n  t h e  i n t e r f a c e  
reg ion ,  i . e .  about 0 .1  1.1 
na t ion  could be inves t iga ted .  
-10 Torr and capable of performing the  various 
2 i n  a rea ,  during force  v a r i a t i o n  and/or contami- 
Br i e f ly ,  t h e  system used for  t h i s  i nves t iga t ion  as descr ibed i n  
d e t a i l  by Johnson and Kel le r  (251, cons is ted  of a 40 x 300 xum pyrex 
adhesion c e l l  ( A )  a t tached  t o  a 1" ult ra-high vacuum valve (HI and, 
t hence ,  t o  t h e  vacuum system, as shown i n  Figure 10.  The adhesion c e l l ,  
va lve ,  and first l i q u i d  ni t rogen t r a p  were baked-out during each experi-  
ment a t  45O0C f o r  a t  least 10 hours. After  bakeout,  t h e  degassing of  t h e  
t i t a n i u m  sorp t ion  pump and other  f i laments ,  and t h e  cooling of t h e  first 
l i q u i d  n i t rogen  t r a p ,  t h e  minimum pressure  observed i n  t h e  adhesion c e l l  
was 5 x 10-l' Torr ,  as measured by t h e  NRC Redhead gauge ( D )  mounted ad- 
j a c e n t  t o  the  specimens. The t i t a n i u m  sorp t ion  pump ( E )  cons is ted  of  a 
-21- 
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h e l i x  o f  0.010" t i t an ium wire c lose ly  wrapped over 0.015'' tungsten w i r e .  
The t o r s i o n  beam and adhesion samples a r e  shown i n  Figure 11. Both 
were supported by t h r e e  5 mm s t a i n l e s s  s t e e l  support  rods h e l i a r c  welded 
t o  a s t a i n l e s s  steel  Conflat  f lange p l a t e  a t tached  t o  t h e  c e l l  at (J) i n  
Figure 10. The rods a l s o  served as supports f o r  t h e  sample e l e c t r i c a l  
l eads  wi th in  t h e  chamber, which were a l l  i n su la t ed  with r e c r y s t a l l i z e d  
alumina tubing and ex i t ed  t h e  c e l l  by s tandard Kovar through-seals a t  (B), 
Figure 10. The t o r s i o n  beam w a s  a l s o  constructed of alumina tub ing  and 
w a s  supported a t  i t s  center  by a s t a i n l e s s  s t e e l  connector which served 
as a bear ing f o r  t h e  t o r s i o n  beam as it r e s t e d  on a 0.010'' tungsten wire  
under tens ion  between t h e  two 5 mm s t a i n l e s s  steel  supports.  
The i ron  slug (F1, Figure 11) f ixed  t o  t h e  end of t h e  t o r s i o n  beam, 
W a s  used i n  conjunction with t h e  ex te rna l  permanent magnet ( C )  t o  a f f i x  
t h e  pos i t i on  of t h e  indenter  with respec t  t o  t h e  sample p l a t e  a t  a f i n i t e  
d i s t ance  from a c t u a l  contact .  The s t r a i n  gauge ( G )  mounted on t h e  t o r s i o n  
beam, supported a second i ron  s lug ,  F2, which i n t e r a c t e d  with t h e  f i e l d  of  
a solenoid ( L ) .  
c a l i b r a t e d  va r i ab le  r e s i s t a n c e  (J) w a s  increased ,  t h e  t o r s i o n  beam was 
moved i n t o  contact  w i t h  t h e  f ixed sample ( a t  po in t  A )  and a normal fo rce  
placed on t h e  sample p l a t e  due t o  t h e  indenter .  The force of shear ing 
t h e  magnetic f l u x  between t h e  i ron s lug ,  F1, and t h e  magnet ( C )  before  
con tac t ,  and t h e  force  of contact of t h e  indenter  ( B )  with t h e  f ixed  
sample p l a t e  ( A )  were measured by t h e  0.00095" x 6'' nude s t r a i g h t  
constantan wire  s t r a i n  gauge, whose output w a s  monitored by a Sanborn 
Transducer-Amplifier, Model 312. 
system was c a l i b r a t e d  i n  a i r  throughout t h e  range of operat ion,  i . e .  
0 - 2.0 grams, and was found t o  have a s e n s i t i v i t y  of about 2 0.010 grams. 
Thus, as t h e  current  i n  t h e  solenoid,  monitored by t h e  
P r i o r  t o  each experiment t h e  balance 
The contact  r e s i s t ance  between t h e  indenter  and p l a t e  was measured 
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with a Prec is ion  Kelvin Bridge i n  conjunction with a Nanovoltmeter used 
as a n u l l  de t ec to r  by t h e  standard cross-wire configurat ion.  A source w a s  
used such t h a t  t h e  p o t e n t i a l  drop across  t h e  contact  r e s i s t ance  was approxi- 
mately 0.3 m i l l i v o l t s ,  which should y i e l d  neg l ig ib l e  temperature rise at 
t h e  contact  region due t o  current  flow ( 2 6 ) .  
the  r e s i s t ance  t o  be measured when wi th in  t h e  range of zero t o  one ohm, w i t h  
an  accuracy of 3-4 f igures .  
0 .01 ohm NBS standard r e s i s t o r  p r i o r  t o  each run. 
Such an arrangement enabled 
The r e s i s t a n c e  c i r c u i t  w a s  c a l i b r a t e d  with a 
The t o r s i o n  beam arrangement w a s  designed i n  t h e  above way i n  order  
t o  obta in ,  as near ly  as poss ib l e ,  pure normal loading. Thus, shear  defor- 
mation of t h e  adhesion specimens w a s  reduced t o  a minimum during t e s t  cyc les ,  
the  only t a n g e n t i a l  motion being imparted t o  t h e  specimens by unavoidable 
normal labora tory  v ib ra t ions .  The e f f e c t s  of t hese  could only be observed 
under extreme l i g h t  specimen loading and non-adhesion condi t ions,  when in-  
s t a b i l i t y  of t h e  contact  r e s i s t ance  occurred. 
The normal operat ing procedure involved placing t h e  samples i n  the 
system and evacuating t o  a pressure below lo-’ Torr ,  a t  which t i m e  t h e  
bakeout cycle w a s  imposed, as  previously mentioned, t o  a t t a i n  an ultimate 
pressure  of about 5 x Torr. A t  t h i s  time t h e  ul t ra-high p u r i t y  
argon, obtained from Airco Company, w a s  admitted t o  t h e  l eak  system by 
breaking t h e  capsule break-off t i p .  
c e l l  t o  a pressure  of about 1 0  
su r face  i n i t i a t e d  by placing a D.C.  p o t e n t i a l  of about a k i l o v o l t  between 
the  f i lament  ( E ) ,  Figure 11, a n d  t h e  surface t o  be  cleaned. 
c leaning  opera t ion ,  which amounted t o  a t o t a l  of at least t h r e e  hours f o r  
each su r face ,  a small n i cke l  sh i e ld  was moved i n t o  place ( v i a  magnet) t o  
completely s h i e l d  t h e  sur face  not be ing  cleaned from contamination by 
s p u t t e r e d  material. A f t e r  bombardment, a s u b s t a n t i a l  spu t t e red  deposi t  
The argon w a s  then admitted t o  t h e  
-4 Torr, and argon ion bombardment of each 
During t h e  
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on t h e  c e l l  w a l l s  a t t e s t e d  t o  t h e  f a c t  t h a t  a considerable amount of  
surface ma te r i a l  w a s  removed from each sample. 
argon ion bombardment phase,  t h e  system w a s  evacuated and sample annealing 
i n i t i a t e d .  Electron bombardment from t h e  fi lament ( E )  was used t o  hea t  
t h e  sample f o r  argon degassing and sample anneal. 
Upon completion of t h e  
A t  c e r t a i n  poin ts  throughout t h e  whole of t h i s  evacuation and sur face  
cleaning process a s e r i e s  of adhesion cycles  were performed a t  room tem- 
pera tures  by slowly br inging indenter  ( B )  i n t o  contact w i t h  ( A ) ,  by re- 
ducing t h e  va r i ab le  r e s i s t ance  ( J ) .  
Of t h e  t ransducer  ampl i f ie r ,  due t o  t h e  s t r a i n  gauge, were noted con- 
cur ren t ly  a t  d i s c r e t e  i n t e r v a l s  u n t i l  sample contact w a s  made, when con- 
t a c t  r e s i s t ance  measurements were  a l s o  performed a t  each new adjustment 
of (J). 
predetermined l e v e l  and then reduced by increments u n t i l  contact w a s  
broken. 
and open c i r c u i t  i n  t h e  Kelvin Bridge. I n  t h i s  way t h e  loading and un- 
loading processes w e r e  monitored by a t  least t e n  concurrent contact re-  
s i s t a n c e ,  force ,  and solenoid c i r c u i t  r e s i s t ance  measurements during each 
adhesion cycle.  The peak loads employed were usua l ly  0.3 and 1.5 grams 
u.nder a very low impressed voltage such t h a t  contact heat ing could be con- 
s ide red  n i l  (26) .  Under various contaminant conditions t h e  junct ion re- 
s i s t a n c e  can vary from i n f i n i t y  ( i n s u l a t i n g  oxide l a y e r )  through non- 
ohmic, o r  semiconductive, t o  pure ohmic as thoroughly discussed by Holm 
( 2 8 ) .  Since t h e  r e l a t ionsh ip  of contact r e s i s t ance  t o  t h e  contact a rea  
i s  not simple,  t h e  contact  res i s tance  data cannot be u t i l i z e d  i n  an abso- 
l u t e  sense;  however, t h e  da t a  are  most valuable i n  a r e l a t i v e  sense f o r  
comparing t h e  degree of in te r fe rence  t o  e l ec t ron  flow through t h e  contact 
reg ion ,  e .g .  contamination, from one stage of contamination t o  another 
The values of (J) and t h e  def lec t ion  
The load  on t h e  adhesion couple w a s  then f u r t h e r  increased t o  a 
Contact make and break were immediately ind ica ted  by a closed 
-26- 
as we l l  as studying t h e  e f f e c t  of contact  fo rce  on t h e  change i n  contact 
a r e a  i n  one experiment. 
Let us examine t h e  r e s u l t s  of one adhesion cycle  ( con tac t ,  t o  m a x i -  
mum load ,  t o  f r a c t u r e )  under conditions i n  w h i h  t h e  sur faces  of s i l v e r -  
s i l v e r  could b e  considered very near ly  atomically c lean (Note: t h e  absolute  
Sense i s  not j u s t i f i e d  s ince  no i n t e r n a l  measurement such as low energy 
e l ec t ron  d i f f r a c t i o n  techniques were employed t o  j u s t i f y  absolute  c l ean l i -  
n e s s ) .  
v a r i a t i o n  of t h e  solenoid current  (as c i r c u i t  r e s i s t a n c e )  , which tended t o  
r o t a t e  t h e  t o r s i o n  balance a r m  i n  order  t o  br ing  t h e  s i l v e r  samples i n t o  
contact  versus t h e  contact  force s t r a i n  gauge reading. 
t a c t  of the samples i s  observed as t h e  f irst  contact r e s i s t a n c e  value as 
shown i n  Figure 12b. 
ously outgassed at  10 Torr and then subjected t o  r igorous argon ion 
cleaning a t  a cur ren t  dens i ty  of a t  least 500 amps/cm2 at  one k i l o v o l t  f o r  
about one hour i n  spectrographical ly  pure argon. 
r ep resen ta t ive  of t h e  over f i v e  hundred t e s t s  t o  da te  of which a major 
po r t ion  of t h e  curves d id  demonstrate adhesion, w e  f e e l  tha t  a curve of 
The adhesion cycle  i l l u s t r a t e d  i n  Figure 12a shows the e f f e c t  of 
The moment of con- 
The samples used t o  produce t h e s e  curves were r igo r -  
-10 
Since these  curves a r e  
t he  shape shown i n  Figure 12b can be  used as a c r i t e r i a  f o r  adhesion. That 
i s ,  as t h e  load  i s  re leased  t h e  contact  r e s i s t ance  i s  v i r t u a l l y  constant 
u n t i l ,  o r  very c lose  t o ,  t h e  point of f r ac tu re .  This  observat ion ind ica t e s  
t h a t  re leased  e l a s t i c  s t r e s s e s ,  as suggested by c e r t a i n  authors  (1) , do 
no t  play a major r o l e  i n  t h e  f r ac tu re  of s i l v e r - s i l v e r  (Ag-Ni o r  Cu-Ni) 
adhesion junc t ions  ( r ecen t  t e s t s  show t h a t  t h i s  i s  a l s o  t r u e  i n  t h e  
t i tanium-t i tanium and molybdenum-molybdenum system where t e s t i n g  i s  a l l  i n  
t h e  e l a s t i c  range) .  I n  comparing an adhesion case t o  one i n  which contam- 
i n a t i o n  prevented adhesion i n  the  s i l v e r - s i l v e r  system, two f a c t o r s  were 
immediately evident i n  the  l i g h t l y  loaded systems under tes t .  As shown i n  
-27- 
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FIGURE 12b - Change i n  contact r e s i s t ance  o f  a s i l v e r - s i l v e r  
couple w i t h  contact load for  surfaces  which are 
Ultra  clean and demonstrate adhesion. 
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Figure 12c a s u b s t a n t i a l  load  of approximately 0.3 gms w a s  requi red  t o  
permit a s t a b l e  r e s i s t ance  reading, and a f t e r  peak loading t h e  re leased  
e l a s t i c  s t r e s s e s  apparently decreased t h e  contact a rea ,  such t h a t  t h e  con- 
t a c t  r e s i s t ance  superimposed along t h e  loading curve re turn ing  t o  t h e  point  
of i n s t a b i l i t y .  Whether o r  not t h i s  represents  t h e  a b i l i t y  of t h e  contam- 
inan t  oxides along t h e  in t e r f ace  t o  f r ac tu re  with ease o r  t h e i r  t o t a l  
i n a b i l i t y  t o  form an adhesion junc t ion ,  cannot be r ead i ly  ascer ta ined  from 
t h i s  experiment. What i s  important i s  t h a t  a d i s t i n c t i o n  between weak and 
s t rong in t e rac t ions  can be made through a secondary measurement, which pro- 
v ides  some ins igh t  i n t o  t h e  s t a t u s  of t h e  in t e r f ace .  The d i f fe rence  i n  
contact loading values versus contact r e s i s t ance  values should be noted 
between Figures 12b and 12c. 
To explore t h i s  f a c t  f’urther, Figure 13 i l l u s t r a t e s  t h e  data from 
Figure 12b p l o t t e d  as a log-log r e l a t ionsh ip  with a curve f o r  t h e  var i -  
a t i o n  i n  contact r e s i s t ance  o f  crossed s i l v e r  wires t e s t e d  i n  a i r .  Of 
s ign i f icance  i s  t h e  f a c t  t h a t  for  a constant load t h e  removal of t h e  con- 
taminant l aye r  from s i l v e r  reduces t h e  contact r e s i s t ance  by a f a c t o r  of 
s i x ,  which i s  s i g n i f i c a n t ,  s ince  t h e  prec is ion  with which t h i s  d i f fe rence  
can be measured i s  about t h r e e  o r  four s ign i f i can t  f igures  without tak ing  
any s p e c i a l  precaut ions.  
as t h e  cleaning process proceeds i s  a l s o  of i n t e r e s t ,  f o r  it demonstrates 
changes t h a t  t ake  p lace  i n  t h e  contact region as t h e  ambient conditions 
change. 
s i l v e r  system versus load beginning with etched s i l v e r  samples i n  e r ,  and 
comparing these  values with those i n  vacuum, and, t h e r e a f t e r ,  with those  i n  
vacuum a f t e r  bake-out ( 45OoC - 20 hours)  and 900°C anneal a t  10 Torr ,  
and f i n a l l y  a f t e r  argon ion cleaning. 
a f te r  t h e  preliminary degassing process w a s  completed, and t h e  junct ion 
The va r i a t ion  of contact r e s i s t ance  w i t h  load  
Figure 1 4  shows t h e  va r i a t ion  i n  contact r e s i s t ance  of t he  s i l v e r -  
- 10 
No adhesion w a s  ind ica ted  u n t i l  
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s t rength  only reached t h e  s t rength  of  s i l v e r  only a f t e r  argon ion cleaning. 
The contaminant f i l m s  present on s i l v e r  seem t o  be of two d i s t i n c t  types ,  
those which a r e  p a r t i a l l y  removable by vacuum and degassing techniques,  
and those which are only removable by r igorous ion cleaning techniques.  
The l a t t e r  i s  supported by t h e  observations of a very tenacious f i lm  on 
silver by Farnswoz?kh and Winch (27) during t h e i r  i nves t iga t ion  of t h e  work 
funct ion of s i l v e r .  Therefore, i n  a q u a l i t a t i v e  sense contact r e s i s t ance  
measurements provide a simple method f o r  t h e  i n t e r p r e t a t i o n  of boundary 
condi t ions during adhesion t e s t ing .  
tempted t o  inves t iga t e  j u s t  how f a r  t hese  observations can be in t e rp re t ed ;  
and i n  t h i s  l i n e  of thought,  Figure 15 w a s  developed. By expanding t h e  
coordinates of Figure 1 4  one can examine t h e  da t a  from very clean surfaces  
and adsorbed films i n  detail .  Again, each point  represents  t h e  minimum 
contact r e s i s t ance  observed i n  a p a r t i c u l a r  adhesion cycle under various 
condi t ions of 'contamination. The curves have no r e a l  s ign i f i cance ,  but 
only ac t  as a guide l i n e  t o  t h e  surface conditions t h a t  might be expected 
by t h e  p a r t i c u l a r  experimental conditions.  
t h e  u l t ra -c lean  region a re  t r u l y  t h e  minimum values of contact r e s i s t ance ,  
can Only be ascer ta ined  by e i t h e r  a separa te  experiment (low energy e lec t ron  
d i f f r a c t i o n )  o r  a mult i tude of data from separa te  experiments on s i l v e r .  
Figures 16 and 17 are s imi l a r  t o  Figure 15 except t h a t  d i s s imi l a r  couples 
were used. 
b u t  only i n  a q u a l i t a t i v e  fashion. 
With a l a r g e  quant i ty  of data one i s  
Whether o r  not t h e  poin ts  i n  
Again, t h e  contact res i s tance  r e f l e c t s  t h e  nature  of  t h e  f i l m ,  
The necess i ty  of maintaining a q u a l i t a t i v e  sense t o  t h e  ana lys i s  with 
regards t o  t h e  absolu te  contact r e s i s t ance  da ta  discussed above can be 
j u s t i f i e d  b r i e f l y .  
t a c t  i n t e r f a c e  can be represented by 
The res i s tance  ( R )  t o  current  flow across a metal con- 
R = R o + %  
-34- 
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where Ro represents  t h e  r e s i s t ance  due t o  an oxide,  o r  contaminant film, 
which, i f  t h i c k  enough, can be the  con t ro l l i ng  f a c t o r ,  i . e .  ac t  as a pure 
in su la to r .  RM i s  t h e  cons t r i c t ion ,  o r  contact  r e s i s t ance  due t o  t h e  com- 
pression of t h e  p o t e n t i a l  l i n e s  of fo rce  i n  a me ta l l i c  contact from one 
macro-body through a very small  diameter contact  back t o  a second macro- 
body. 
o r  pure i n s u l a t o r ,  through semiconducting f o r  extremely t h i n  films t o  zero 
f o r  a tomical ly  c lean surfaces .  
by t h e  contact  pressure  as we l l  as t h e  area change during load v a r i a t i o n ,  
and i s  probably a most complex function of load and contaminant chemistry. 
The t h e o r e t i c a l  na ture  of % w a s  developed by Holm (28)  and has r ecen t ly  
been re-evaluated by Greenwood ( 2 9 1 ,  who showed tha t  RM i s  a funct ion of 
The v a r i a t i o n  of R with surface cleaning ought t o  be  from i n f i n i t y ,  
0 
The v a r i a t i o n ,  however, i s  probably a f f e c t e d  
of metal  junc t ions  at t h e  t h e  metal  conduct ivi ty  ( p )  and t h e  number ( n )  
i n t e r f a c e  by t h e  equation, 
where 
= i s  t h e  dis tance between 
i j  
r n metal contacts  
a = rad ius  of t he  contact  i 
Since a metal  contact  region may have any number of a s p e r i t i e s  of var ious 
diameters i n  r e a l  contact  at  any v a r i a t i o n  i n  separa t ion ,  t h e  equat ion,  i n  
e f f e c t ,  i nd ica t e s  t h e r e  is  l i t t l e  hope f o r  reasonable ana lys i s  from b a s i c  
p r i n c i p l e s .  Whether o r  not an empir ical  r e l a t i o n s h i p  can be  e s t ab l i shed ,  
based on a simple model ( 2 8 ) ,  remains t o  be seen. 
loading  da ta ,  shown i n  Figure 12b when it w a s  p l o t t e d  on a log-log curve 
(F igure  13), i n d i c a t e s  Holm's s ing le  contact  r e l a t i o n s h i p  f o r  c lean 
The l i n e a r i t y  of t h e  
s u r f a c e s ,  
P RN = - 2a 
-38- 
where 
a = t h e  contact radius which, i n  t u r n ,  i s  a function of t h e  
deformation proper t ies  of t h e  mater ia l  versus load 
i s  a reasonable approximation and some hope t h a t  an empir ical  r e l a t i o n s  
may evolve. Further  evidence of t h i s  was es tab l i shed  when t h e  log  of t h e  
contact r e s i s t ance  versus t h e  l o g  of t h e  load of t h e  ind iv idua l  adhesion 
cycles wepe p l o t t e d  and, f o r  t h e  most pa r t  , produced s t r a i g h t  l i n e s  with 
a s lope  ly ing  between ( -  T )  o r  ( -  -). 
an a rea  va r i a t ion  due t o  e l a s t i c  deformation of t h e  metal and t h e  l a t te r  
due t o  p l a s t i c  deformation ( 2 8 ) .  
of t h e  *r ight  order  of magnitude, but displaced between 10-40%, which w a s  
probably due t o  contamination o r  multi-contact po in ts  and d id  not seem too  
1 1 
2 The minus one-third s lope represents  
The in t e rcep t s  of t hese  l i n e s  were a l s o  
fa r  removed, considering t h e  complexity of t h e  proposed mathematical 
r e l a t ionsh ips .  
Exactly where does t h i s  place t h e  contact r e s i s t ance  type of experi-  
ment i n  t h e  realm of adhesion t e s t ing?  F i r s t l y ,  l e t  us examine t h e  co- 
e f f i c i e n t  of adhesion parameter obtained from t h e  s i l v e r - s i l v e r  experiments 
wi th  t h e  r e a l i z a t i o n  t h a t  t h i s  parameter assumes t h a t  t h e  e l a s t i c  and 
p l a s t i c  deformation, i n  forming t h e  contact junc t ion ,  was equal t o  t h a t  
during t h e  f r ac tu re  of t h s t  junction. 
s h i p  t o  t h e  o the r ,  so t h e  numbers are not wholly s i g n i f i c a n t ,  but i f  
accepted i n  a r e l a t i v e  sense,  they do o f f e r  a comparison. 
t r a t e s  t h e  extreme e f f e c t  of the  atmosphere on t h e  r e l a t i v e  s t rength  of  
t h e  adhesion junct ion.  The air  c i t e d  i n  t h e  t a b l e  w a s  d r ied  over s i l i c a  
O f  course, one bears no r e l a t ion -  
Table 1 i l l u s -  
g e l  f o r  s eve ra l  days p r i o r  t o  use; however, i n  explo i t ing  t h i s  behavior 
f’urther, ind iv idua l  pure gases , i. e. ni t rogen , oxygen , hydrogen and water , 
are i n  t h e  process of being examined t o  a sce r t a in  which has t h e  g rea t e r  
e f f e c t  as a b a r r i e r  i n  t h e  adhesion process.  The use of various chemical 
-39- 
TABLE 1 
APPROXIMATE COEFFICIENTS 
FOR 
ADHESION* 
Pressure Average a 
Torr Conditions ( a t  least  10 runs)  
1. before cleaning O #  
2. 4 mm argon immediately after 
cleaning 
2.2 2 1.2 
3. 8 x lo-' a i r  inleak from 10-l' Torr 0.33 2 0.16 
af ter  cleaning 
air  inleak from # 3  0.19 2 0.17 4 4. % 10- 
5. 760 air in l eak  from #4 10-l' Torr O #  
6. 5 x after atmosphere exposure( s) 0.16 2 0.08 
*cross wire loading 0.01 - 2.0 grams at  25OC 
#minimum de tec t ab le  a = 0.005 
-40- 
\ 
m 
agents w a s  a l s o  proposed i n  an attempt t o  optimize t h e  process.  As t h e  
various atmospheres a r e  examined the  contact  r e s i s t ance  da t a  i s  a l s o  
accumulated during t h e  t e s t ,  which w i l l :  a )  permit a q u a l i t a t i v e  p i c t u r e  
of t h e  f r a c t u r e  process ,  e.g. Figure 12b; b )  some i n d i c a t i o n . o f  t h e  rela- 
t i v e  th ickness  of t h e  f i lm  by contact r e s i s t ance  value;  and, c )  hopeful ly ,  
a reasonable co r re l a t ion  of t h e  res i s tance  values with area w i l l  be achieved 
which, i n  t u r n ,  w i l l  provide an accurate  knowledge of t h e  r e a l  contact  area.  
I f  a knowledge of  t h e  r e a l  contact a rea  can be obtained,  t h e  t e s t i n g  data 
can then be reduced t o  an absolute s c a l e  and r e l a t e d  t o  t h e  mechanical 
p rope r t i e s  of t h e  ma te r i a l  i n  t e s t .  
The development of t h e  adhesion-contact r e s i s t ance  experiment, i f  
nothing e l s e ,  permits t h r e e  independent simultaneous ind ica t ions  of t h e  
presence o r  absence of  adhesion, and permits two independent measures of 
t h e  s t r eng th  of t h e  junc t ion  formed. On t h i s  basis ,  we f e e l  t h a t  t h e  re- 
l i a b i l i t y  of me ta l l i c  adhesion da ta  w i l l  be increased;  and, as a s i d e  
e f f e c t ,  some i n s i g h t  i n t o  t h e  behavior of contaminant f i lms w i l l  be gained. 
Furthermore, as t h e  confidence l e v e l  o f  adhesion data i s  expanded, two 
very f r u i t f u l  areas of inves t iga t ion  a re  immediately ava i l ab le ,  namely, t h e  
e f f e c t  of a l l o y  cons t i t uen t s  on me ta l l i c  adhesion and t h e  e f f e c t  of s p e c i f i c  
chemical agents ,  e i t h e r  i n  metal so lu t ion  o r  as gaseous contaminants on 
m e t a l l i c  adhesion can be  inves t iga ted  i n  a r a t h e r  quan t i t a t ive  manner. 
Since t h e  above experimental data  has r e l a t e d  t h e  adhesion s t r eng th  of a 
system t o  t h e  f r a c t u r e  s t r eng th  of t h e  weaker component, t h e  u t i l i z a t i o n  
of surface chemistry as a b a s i s  f o r  research d i r ec t ion  i n  adhesion s tud ie s  
would seem t h e  most f r u i t f u l ,  p a r t i c u l a r l y ,  i f  s p e c i f i c  r e l ease  agents ,  
i . e .  low shear  s t r e s s  boundary agents,  were des i red  t o  reduce t h e  adhesion 
component i n  f r i c t i o n  systems. 
-41- 
Further  evidence t h a t  t h e  presence of a monolayer of adsorbed gas 
adsorbed along t h e  i n t e r f a c e  has a gross  e f f e c t  on t h e  s t rength  of t h a t  
i n t e r f a c e  was r ecen t ly  presented by Aldrich f o r  l i q u i d  metal-solid metal  
systems ( 30). 
The Adhesion-Friction Relationship 
Since t h e  purpose of t h i s  inves t iga t ion  w a s  t o  examine t h e  behavior 
of adhesion phenomenon f o r  i t s  ultimate incorporat ion i n  t h e  mechanism 
f r i c t i o n ,  t h e  u t i l i z a t i o n  of t h e  s p e c i a l  f r i c t i o n  case i n  which the plow- 
ing  component i s  neglected should be j u s t i f i e d ;  and, as a consequence, 
Equation ( 5 ) is 
F = As 
operat ive.  The broad usage of t h i s  equation, a t  f i rs t ,  does not seem 
j u s t i f i e d  s ince  the terms a r e ,  according t o  t h e  adhesion data presented 
above, most d i f f i c u l t  t o  t i e  down. The real a rea ,  f o r  example, i n  a 
f r i c t i o n  expepiment should include not only the  regions of r e a l  phys ica l  
contact  but  a l l  of those regions which,due t o  t h e i r  proximity t o  t h e  
second surface ,are  i n t e r a c t i n g  by means of long range dispers ion f i e l d s  
(31) and medium range electromagnetic f i e l d s .  
sur face  area systems, t hese  f ie lds  may wel l  be as s i g n i f i c a n t  as t h e  
In  l i g h t l y  loaded high 
shor t  range bonding forces .  I n  regards t o  t h e  shor t  range fo rces ,  the  
ex is tence  of metal:non-metal as wel l  as non-meta1:non-metal i n t e rac t ions  
a l s o  cannot be neglected.  S imi l a r i t y  i n  t h e  lub r i ca t ed  systems, t h e  
molecular f i e l d s  r e s u l t i n g  i n  the  cohesive energy o f ' t h e  lub r i can t  cannot 
be neglected.  Therefore,  i n  the  considerat ion of t h e  real  area of  con- 
t a c t  a l l  poss ib le  regions and t h e i r  a t t r a c t i v e  forces  must be considered; 
and, as a consequence, t h e  extreme s impl i c i ty  of t h e  "dry" metal f r i c t i o n  
experiment becomes most evident.  
The shear  parameter i n  the  equation i s  usua l ly  reserved f o r  that of 
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t h e  component w i t h  t h e  weakest shear s t rength  i n  a s l i d i n g  system; how- 
ever ,  t h i s ,  too ,  must a l s o  be most complex s ince  it relates d i r e c t l y  t o  
those junct ions described above. In o ther  words, a f e w  very small diameter 
i s l ands  o f  metal-metal contact  i n  a l a rge  sur face  a r e a  of r e a l  contact  
might be weaker than  t h e  shear  s t rength  of t h e  mass of l ub r i can t  s epa ra t ing  
t h e  two apparent areas  of contact .  
t h a t  port ion of t h e  lub r i can t  involved i n  the  t r u e  contact region ought 
t o  be considered as t h a t  providing t h e  r e s i s t ance  t o  flow plus  some added 
f a c t o r  t o  include t h e  shear  s t rength  of t he  i s l ands  of metal-metal bonds. 
I n  such a case,  t h e  shear  s t r eng th  o f  
Probably a more r e a l i s t i c  expression f o r  t h e  force  of f r i c t i o n  i n  
t h i s  simple case might be w r i t t e n  as a s e r i e s  of summations, such as: 
F = s  C A  + s  C A 2 + s  C A  +.... ( 9 )  1 1 2  3 3  
wi th  t h e  l i m i t a t i o n  t h a t  if any one si exceeds the shear  s t r eng th  ( s  ) of 
t h e  region immediately adjacent  t o  tha t  i n  ques t ion ,  should be subs t i -  
t u t e d  f o r  si . 
t h e  bulk, i . e .  t h e  weaker mater ia l ,  r a t h e r  than i n  t h e  in t e r f ace .  The 
j 
This would be expected t o  occur under such condi t ions i n  
values  represent  the shear force  cont r ibu t ions  requi red  
s2' s3 ' * * '  
i n  t h e  f r a c t u r e  of metal-metal, oxide-oxide o r  lubr icant - lubr icant  junc t ions  
as wel l  as d ispers ion  and o the r  f i e l d  e f f e c t s  such as magnetism, t h a t  i s ,  
each p a r t i c u l a r  component contr ibut ing t o  t h e  o v e r a l l  e f f e c t .  Since the  
c o e f f i c i e n t  of r o l l i n g  f r i c t i o n  i s  usua l ly  a much smaller  value than t h e  
corresponding value of s l i d i n g  f r i c t i o n ,  one might f u r t h e r  suspect t ha t  
t h e  respec t ive  t e n s i l e  values f o r  t hese  same f r a c t u r e  systems might be 
considerably smaller .  
observat ion (1) t h a t  t angen t i a l  s t r e s s e s  appl ied  t o  a s t a t i c  adhesion 
tests genera l ly  increase  t h e  observed adhesion s t r eng th .  
The l a t t e r  po in t  seems t o  be  supported by t h e  
The complexity developed i n  th.e equation above seems, at f irst ,  t o  
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be insurmountable; however, i f  t h i s  equation were appl ied t o  a l i g h t l y  
loaded, boundary lub r i ca t ed  system i n  which a l l  r e a l  areas  of contact i n -  
volved only lub r i can t  t h e  complex equation reduces simply t o  Equation ( 5 )  
i n  which t h e  shear  s t rength  of the lub r i can t  i s  s i g n i f i c a n t  and t h e  real  
area of contact t h a t  region bearing t h e  load. As t h e  load  i s  increased,  
however, and a s p e r i t i e s  from each of t h e  surfaces  do come i n t o  contac t ,  
t h e  o ther  parameters must become operat ive and included i n  t h e  expression. 
I n  the case of f r i c t i o n  between wood and g l a s s  t h e  terminology 
adhesion", o r  "cold welding", becomes a misnomer, p a r t i c u l a r l y  as it was I1 
appl ied t o  me ta l l i c  systems; bu t ,  i n  f a c t ,  remains a r e a l  phenomenon i n  
t h e  sense t h a t  i n t e r a c t i n g  molecular f i e l d s  of t he  dispers ion type a r e  
s t i l l  opera t ive ;  and as motion proceeds, provides a r e s i s t ance  t o  t h a t  
motion. This phenomenon i s  qui te  s i m i l a r  t o  t h e  r e s t r i c t i o n  t o  r o l l i n g  
experienced by a s t e e l  b a l l  attempting t o  r o l l  down t h e  inc l ined  plane,  
which cons i s t s  of one pole of amagnet only on a much smaller  sca le .  
Consequently, i n  the appl ica t ion  of a l l  of t h e  force  f i e l d s  ava i l ab le  t o  
adhesion phenomena and a f t e r  the  f a c t  analysis  seems t o  be probable f o r  
most f r i c t i o n  phenomena. What does remain t o  be c l a r i f i e d  i s  a far  more 
detai led p i c t u r e  of  t he  in t e rac t ion  of two s t a t i c  p a r a l l e l  surfaces  from 
dis tances  of separa t ion  of one micron down t o  non-equilibrium contact  and 
t h e  e f f e c t  of t h e  normal var iab les  on t h i s  system. 
CONCLUSIONS 
Recent inves t iga t ions  i n  t h e  f i e l d  of m e t a l l i c  adhesion seem t o  
support  t h e  general  adhesion theory f o r  t h e  mechanism of f r i c t i o n  i n  t h a t  
as a b e t t e r  understanding of the adhesion phenomenon i s  achieved an im- 
proved c o r r e l a t i o n  seems t o  exist .  Apparent incons is tenc ies  i n  t h e  ad- 
hesion theory of f r i c t i o n  which have been repor ted  i n  t h e  pas t  can, f o r  
t h e  most p a r t ,  be  explained through the c m m t  of new da ta  i n  t h e  f i e l d s  
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of surface physics and chemistry as w e l l  as more accurate adhesion data. 
The inaccuracy of adhesion data d i s t i n c t l y  refers t o  t h e  i n a b i l i t y  o f  t h e  
author t o  def ine t h e  i n t e r f a c e  system under inves t iga t ion  i n  de t a i l  i n  
terms of monolayers and not t h e  technique t h a t  was employed. For, as has 
been i l l u s t r a t e d  i n  t h e  adhesion inves t iga t ions  of Ag-Ag and other  systems 
(Mo-Mo, T i - T i ,  Cu-Ni, Ni-Ag, In-Al) , t h e  presence of a f e w  monolayers of 
contaminant may d i s t o r t  t h e  data, and i n  t u r n  t h e  i n t e r p r e t a t i o n ,  most 
s i g n i f i c a n t l y .  Since s p e c i f i c  contamination seems t o  be t h e  only barr ier  
t o  metal-metal adhesion and t h e  forces  of adhesion can occur between any 
p a i r  of materials i n  varying degrees up t o  separat ion dis tances  of one 
micron, a l l  i n t e r f a c i a l  force f i e l d s  ought t o  be considered when t h e  ad- 
hesion component i n  t h e  f r i c t i o n a l  force equation i s  considered. 
t h i s  suggests t h a t  t h e  physical  contact area between t h e  apparent surfaces  
Of contact i n  a f r i c t i o n  system is  only a p a r t  of t h a t  area which ought t o  
be considered i n  t h e  f i n a l  ana lys i s .  
I n  e f f e c t ,  
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